Biotherapeutics (BTs), one of the fastest growing classes of drug molecules, offer several advantages over the traditional small molecule pharmaceuticals because of their relatively high specificity, low off-target effects, and biocompatible metabolism, in addition to legal and logistic advantages. However, their clinical utility is limited, among other things, by their high immunogenic potential and/or variable therapeutic efficacy in different patient populations. Both of these issues, also commonly experienced with small molecule drugs, have been addressed effectively in a number of cases by the successful application of pharmacogenomic tools and approaches. In this introductory article of the special issue, we review the current state of application of pharmacogenomics to BTs and offer suggestions for further expansion of the field.
INTRODUCTION
Protein therapeutics, sometimes also referred to as Bbiologicals^are generally defined as therapeutic protein(s) derived from a biological source (1) . Historically, biologicals mainly constituted blood and blood products, and were extracted directly from organisms that produced them naturally. However, in recent times, a number of novel biotherapeutics have been invented and approved for clinical use. This is a result of the advent first, and, convergence later, of several independently developed technologies such as genetic engineering, monoclonal antibody production, heterologous transfer, and expression of genes in multicellular eukaryotes, bioinformatics, as well as large-scale production and characterization of recombinant proteins (2-4). Together, these technologies are also called Bbiotechnology^. Arrival of the Bomics^era has only accelerated the pace and number of novel recombinant therapeutic proteins invented, and broadened their applications (5, 6) . Thus, in recent years, the terms Bbiologics^, Bbiopharmaceuticals^, or Bbiotherapeutics^have been used interchangeably to refer to polypeptide drugs produced using one or more of these biotechnological approaches (7, 8) . For the sake of consistency, in this review article, the term Bbiotherapeutics^(BTs) is used to describe various recombinant protein drugs.
Our goal for this article is to provide the readers an overview of the current status of application of pharmacogenomics (PGx) for improving the health outcomes of BTs. We will begin with a brief background on BTs and PGx applications for small drug molecules, highlighting the lessons learnt with reference to BTs. This will be followed by description of select examples of BTs with actionable pharmacogenomic information that is resulting in improved efficacy reduced adverse reactions of those BTs. We will conclude with some thoughts on the challenges and opportunities for PGx application to this growing class of drug substances.
BACKGROUND
Although biologic products such as blood proteins have been used as drugs for centuries (2, 4) , recombinant insulin (Humulin®), the first FDA-approved BT, was marketed only in 1982 (9). Since then, tremendous advances have been made in the discovery and development of this class of drug molecules (2-4). As a result, currently over 200 biotherapeutics are available in the US and European markets (10). The anti-inflammatory BT Humira® has claimed a spot among the top three best-selling drugs for the past 4 years in a row (11) . As summarized in Table I , in 2014, eight of the top ten drugs sold globally were BTs, and these eight drugs collectively generated revenues of over 61 billion (12) , with several BTs acquiring the Bblockbuster drug^status. This extraordinary growth in the number of BTs is expected to continue for the foreseeable future, as reflected by increasing number of new BTs licensed over the past 14 years (Fig. 1) , as well as by entry of many Bbiosimilars^or Bbiobetters^into this market segment (13) (14) (15) (16) Despite these advantages, BTs also face significant challenges such as high costs, immunogenicity, and variable efficacy. While the cost factor may be addressed through the market forces such as logistical improvements and competition, the later two issues, unless addressed scientifically, may severely limit applications of BTs. Immunogenicity, an issue predominantly affecting therapeutic outcomes of BTs, is a subject of extensive research over the past few decades and has been reviewed in detail recently (17) (18) (19) (20) (21) (22) . However, variable efficacy is an issue common to both the small molecule drugs as well as BTs. During the past few years and especially since the completion of the human genome project in 2003, PGx has helped address issues related to the variable efficacy as well as the adverse effects of several small molecule drugs and some BTs. Specifically, the successful application of PGx to small molecule drugs offers important lessons. As discussed below, a brief summary would be useful for further enhancing therapeutic outcomes of BTs.
Lessons Learned from PGx of Small Molecule Therapeutics
Although an elegant argument for the concept of Bchemical individuality^was made as early as 1902 (23), the actionable applications of genetic variability for managing drug safety were reported only in the middle of the twentieth century for the small molecule antimalarial primaquine (24, 25) and the anti-tuberculosis drug isoniazid ((26), references therein). A major web-based PGx resource, PharmGKB (27) , lists over 200 examples where genetic information is included in the labels of drugs approved by one or more of the four international organizations viz. the US Food and Drug Administration or FDA (28), the European Medicines Agency or EMA (29), the Pharmaceuticals and Medical Devices Agency or PMDA, Japan (30) , and Health Canada/Santé Canada or HCSC (31). Of these, 105 examples exhibit associations with haplotypes-multiple variations that are inherited together (27) .
However, just listing genetic associations with a specific drug is not enough. Translation of the genetic data must be made to establish and implement a decision-making process for the clinicians. Therefore, as a next step, the dosing guidelines/recommendations are defined through a collaborative effort of the Clinical Pharmacogenomics Implementation Consortium in collaboration with the Pharmacogenomics Research Network (PGRN). These guidelines and recommendations have been designed mainly to assist clinicians in using the genetic information while making decisions regarding the drug choice and or drug dosing (27) (27) and references therein).
From PGx of Small Molecule Therapeutics to PGx of BTs
Analysis of these 200+ examples reveals that majority of these recommendations are for small molecule drugs. Furthermore, variations affecting therapeutic outcomes of these drugs are in genes required for their absorption, distribution, metabolism, or excretion. Thus, most of the early targets of this search for variations for Phase I enzymes (32) (33) (34) (35) or Phase II enzymes (36,37) transporters (36, (38) (39) (40) (41) (42) (43) (44) and receptors (45-53). However, there is a small but significant number of examples of application of PGx to BTs (Table II) . Of the 14 examples of genomic biomarkers shown in Table II , over 85% represent BTs used for cancer treatment. Two of these (Adcetris® and Zevalin®) are antibody drug conjugates, and one (Ontak®) represents a chimeric BT-recombinant human IL-2 fused in frame with diphtheria toxin. Benlysta® and Krystexxa® are used to treat systemic lupus erythematosus and treatment refractory gout, respectively. Notable by the absence in this group shown in Table II are examples of BTs used for replacement therapy in genetic defects associated with metabolic enzymes (e.g., glucocerebrosidases), peptide hormones (e.g., growth hormone), or blood protein components (e.g., Factor VIII).
Genetic biomarkers associated with these BTs are applicable for patient stratification and/or for improving efficacy. Thus, CD20 positive status has been used to improve efficacy of Bexxar® and Gazyva® for treatment of nonHodgkin lymphoma patients (27) , ERBB2 overexpression has been used to treat breast cancer patients with Herceptin® and EGFR or KRAS expression status has been applied to classify and treat cancer patients with Erbitux® or Vectibix®. On the other hand, G6PD status has been used to screen out patients from treatment with Elitek® or Krystexxa® to avoid adverse effects such as severe hemolysis. Table III presents three examples of BTs where PGx may be applied to drug-dosing decisions. Thus, CPIC guidelines for Elitek® recommend using G6PD variant status to decide if the patient receives Elitek® therapy or the alternative therapy with allopurinol (54) . Similarly, CPIC guidelines have been published for Pegasys® and Pegitron®, BTs used for hepatitis C virus treatment (55). Thus, Muir et al. offer a Bstrong recommendation^for using pegylated interferon alpha -2a or -2b therapy for hepatitis C patients with the 'favorable response' allele CC at rs12979860; an equally strong recommendation is offered against using the pegylated interferon alpha-2a or -2b therapy for the unfavorable response alleles CT or TT of rs12979860 (55). These two examples also point to the general trend seen with PGx of small molecules, where initial focus has been on finding variations in genes associated with the metabolic and/or signaling pathways involved in the action of the therapeutic agents.
In summary, the examples outlined in Tables II and III certainly expand the applications of PGx to BTs. However, these drugs represent a small fraction of the current and growing list of BTs on the market (10-12). Several technical, logistic, and regulatory factors have been cited as possible barriers (56) (57) (58) (59) (60) (61) (62) (63) . Some of these challenges appear to be common both small and large molecule drugs. For example, observations from the retrospective studies must be supported by well-designed prospective studies inclusive of randomized study cohorts as well as validation cohorts. On the other hand, some challenges are unique to protein therapeutics because of their unique pharmacokinetic and/or pharmaco-dynamic properties (57,58). Compared to somatic variation studies, large-scale investigations on association of germline variations with therapeutic outcomes of BTs are difficult to conduct due to limited patient populations. Quantitative (high vs. low antibody titer) as well as qualitative (neutralizing vs. non-neutralizing antibodies) heterogeneity of the immune response seen in a population of patients to a BT adds another dimension of complexity (59-63). The use of biosimilars and biobetters may further complicate data analysis and interpretation when addressing immunogenicity of the BTs. Finally, as seen with various small molecule drugs (64), multiple variations, each with only marginal influence on the therapeutic outcome of a BT, may not justify practical implementation of the results.
CONCLUDING REMARKS
Current trends project a significant expansion in the role of BTs for treating various metabolic, immunologic, and genetic disorders (2-6). However, despite many advantages outlined above, a large body of evidence has also accumulated which underscores limitations in clinical application of BTs (reviewed in refs. (17-22) ). Given the complex and multifactorial nature of the immune responses to BTs (65), additional efforts and resources would have to be devoted to 
PEGINTRON® Peginterferon alpha 2b IL28B rs12979860 Hepatitis C genotype 1 patients with the rs12979860 CC genotype have increased likelihood of response (higher SVR rate) to peginterferon-alpha-containing regimens as compared to patients with rs12979860 CT or TT genotypes (56) understand the genetic determinants of the immunogenic response of BTs. Recently, this approach has been applied to understand genetic basis of immunogenicity to recombinant Factor VIII, a BT used for treatment of hemophilia A (66) (67) (68) (69) (70) . A growing body of literature points to influence of human genetic variability on efficacy as well as tolerability/ adverse effects of a number of vaccines (reviewed in ref. (59, 63, 71, 72) ). Specifically, associations of variations in human genes for HLA, cytokines, or cytokine receptors, molecules associated with mounting immune response, have been implicated in determining response to hepatitis B vaccine (73) (74) (75) (76) , hepatitis C vaccine (77) (78) (79) as well as a number of childhood vaccines including rubella (80) , mumps (81, 82) , and measles (81) (82) (83) , as well as malaria (84) . However, further scrutiny with prospective studies would be needed to translate this information into clinical recommendations. Application of newer genomic as well as bioinformatics tools for collecting and analyzing data on large-scale (85, 86) would prove useful for discovering and conclusively proving association of genetic variations (somatic or germline) to efficacy and/or adverse effects of BTs. Readers are directed to the accompanying articles in this issue for a detailed discussion of these and similar approaches.
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